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To better characterize the performance of variable-speed DX (Direct Expansion) equipment in a laboratory 
environment, a load-based psychrometric chamber testing methodology has been developed as an alternative to 
existing steady-state testing approaches. The methodology allows equipment to respond dynamically to a virtual 
building model using its integrated controls. To mimic an actual building, a virtual building model incorporates 
sensible and latent loads along with simple lumped capacitance building dynamics that interact with the variable-
speed equipment. The rated capacity of the test equipment is used along with a specified sizing factor and target 
sensible heat ratio (SHR) to specify the building sensible and latent load models. 
 
Two companion papers (Patil el al. (2018) and Dhillon et al. (2018)) present the overall methodology and results for 
different variable-speed heat pumps using default building parameters.  This paper studies the impact of the virtual 
building sizing factor on overall performance and dynamic behavior of the equipment for load-based testing. It is 
shown that equipment seasonal performance can increase significantly with increasing sizing factor and therefore it is 
important to specify representative values.  In addition, performance increases with decreasing building sensible heat 
ratio (SHR). In addition, the impact of the thermostat location on equipment dynamics and performance ratings is 
considered. The seasonal performances and repeatability of load-based tests are sensitive to the choice of thermostat 
location.  Therefore, it is important to define a strategy for locating the thermostat in a manner that will lead to 




Heat pumps are widely used in residential houses to provide cooling and heating. The use of variable-speed heat 
pumps is becoming more common and enables continuous control of capacity to match varying building loads in both 
cooling and heating mode. In this way, equipment can operate more energy-efficiently at part-load conditions 
compared to more conventional on/off or 2-stage equipment. However, the current standard for testing and rating this 
type of equipment was not originally developed with variable-speed equipment in mind.  It is based on steady-state 
testing that doesn’t include the interaction of the controls with the building.   This paper presents results of a new load-
based testing approach that is described in Hjortland and Braun (2018), and Patil et al. (2018).  The test method relies 
on a virtual building model that mimics the dynamic response of indoor temperature and humidity to the equipment 
and its controls.  This overcomes the shortcomings of steady-state tests and results in significantly different seasonal 
performance estimates as documented by Dhillon et al. (2018).  The current paper studies the influence of parameters 
of the virtual building load model and the location of the thermostat within the test room on equipment test and 
seasonal performance results for a 2-ton variable-speed heat pump with SEER 20.5. 
 
2. LITERATURE REVIEW 
 
Rating of HVAC equipment relies on standardized testing procedures. According to the definition of Meier et al. 
(Meier & Hill, 1997), a good energy test procedure for appliances should meet the following criteria: (1) reflect actual 
usage condition; (2) yield repeatable, accurate results; (3) reflect the relative performance of different design options; 
(4) cover a wide range of models within a category; (5) produce results that are easy to compare with other test 
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procedures; (6) be easy to modify to accommodate new technologies or features; and (7) be inexpensive to perform. 
AHRI 210/240 (ARI, 2008), which is harmonized with CSA C656, has been widely utilized for performance rating of 
unitary air-conditioning and air source heat pump equipment in North America. However, the test procedures 
incorporated in AHRI 210/240 and its rating results (SEER and HSPF) do not lead to representative performance for 
some of the higher efficiency heat pumping and air conditioning products that have entered the marketplace, maybe 
not properly consider impacts of climate, and do not capture the impacts of improved controls on performance.   
 
For example, Kavanaugh et al. (2002) observed that an air conditioner with 18 SEER (Seasonal Energy Efficiency 
Ratio) had only a 6% higher EER than a 10 SEER rated unit at 95℉ outdoor dry bulb temperature, 80℉ indoor dry 
bulb and 67℉ indoor wet bulb temperature. Fairey et al. (Fairey, Parker, Wilcox, & Lombardi, 2004) noted that the 
current climate zones are too large and don’t accommodate significant SEER differences that can occur regionally 
across a climate zone. In addition, Hart et al. (Hart et al., 2008) noted that potential savings outside of the steady state 
efficiency figures of merit were not properly captured with current test procedures. As a result, equipment 
manufacturers are not highly motivated to incorporate improved controls and other new technologies that can improve 
part-load performance at conditions that are not part of the current standard for testing at steady-state. Mahlia et al. 
(Mahlia & Saidur, 2010) found that all test standards for air conditioners measure energy performance at steady-state 
conditions.  
 
As a result of these issues, there has been recent interest in the development of load-based testing in standardized 
procedures. For example, Cremaschi et al. (2017) conducted an experimental feasibility study of load-based testing 
for an RTU where the heat gains to the indoor room of the psychrometric chambers were controlled. The RTU 
controller maintained indoor room temperature without the chamber reconditioning system. The problem with this 
approach is that the dynamics of the RTU feedback control are highly dependent on the physical characteristics of the 
indoor test room.  As a result, it would be difficult to reproduce results across different laboratories with this approach. 
Hjortland and Braun (2018) and Patil et al. (2018) present an alternative load-based testing approach that utilizes a 
representative virtual building model that should have better reproducability across different laboratories.  The 
approach is part of a major modification of the Canadian Standards Association (CSA) Standard C656 (2010) that is 
focused on evaluating seasonal performance of variable-capacity equipment through load-based testing.  
 
3. OVERVIEW OF LOAD-BASED COOLING TEST METHODOLOGY 
   
The revision to CSA C656 includes test procedures for both heating and cooling, but only cooling tests will be 
addressed in this paper. In cooling tests, the sensible heat gains to the building model are a linear function of the 
outdoor temperature with constant internal gains handled using a balance-point temperature, such that  
 
 𝑩𝑳$𝑻𝒋' = 𝟏𝑭 × ?̇?𝒄(𝟗𝟓) × 3 𝑻𝒋 	−	𝑻𝒃𝒂𝒍𝑻𝑶𝑫 	− 	𝑻𝒃𝒂𝒍,𝑫< (1) 
 
where ?̇?>(95) is the total cooling capacity at the A2 test condition (full-load test condition, steady state at ODB = 
95°F, IDB = 80°F, and IWB = 67°F), F is a sizing factor that accounts for equipment oversizing and sensible heat 
ratio effects, Tj is the outdoor room (ambient) temperature associated with the jth load-based test condition which is 
tabulated in Table 1 and Table 2, TOD is the ambient design temperature (95°F for the humid cooling test and 102°F 
for the dry cooling test), Tbal,D is the building’s design balance point temperature (67°F), and Tbal is the balance point 
temperature based on the current indoor room setpoint which is updated according to 
 
 𝑻𝒃𝒂𝒍 = 𝑻𝒃𝒂𝒍,𝑫 + (𝑹𝑨𝑻(𝒕)	− 	𝑻𝑰𝑫) (2) 
where TID is the indoor design temperature specified as the test unit thermostat setting (74°F for humid cooling test 
and 79°F for dry cooling test).  The value of F used in the current draft CSA standard is 1.5. 
 
To simulate a dynamic virtual building, the indoor psychrometric room is controlled by its conditioning system based 
on the following updating equation, which is derived from a lumped capacitance assumption.  
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 𝑹𝑨𝑻(𝒕 + ∆𝒕) = 𝑹𝑨𝑻(𝒕) + ∆𝒕G𝑩𝑳 − ?̇?𝒔I𝑪          (3) 
 
where RAT is the setpoint provided to the Psychrometric room system controller, ?̇?K is the net sensible cooling rate 
provided by the unit determined from air-side measurements, C is the simulated capacitance of the building, and ∆𝑡 
is the time step for updating the psychrometric room controller setpoint.   
 
Parallel to the sensible model above, a latent load model with a floating indoor room absolute humidity is used during 
wet coil tests. The following updating equation, which is based on a moisture balance, defines latent dynamics of 
corresponding virtual building. 
 
 𝒘(𝒕 + ∆𝒕) = 𝒘(𝒕) + ∆𝒕 N𝑩𝑳 O 𝟏𝑺𝑯𝑹𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈 − 𝟏W	−	?̇?𝒍X𝒉𝒇𝒈𝑪𝒘     (4) 
 
where w is a humidity ratio setpoint to be maintained by the reconditioning system controller, ?̇?[ is the net latent 
cooling rate provided by the unit determined with air-side measurements, Cw is a simulated moisture capacitance 
associated with the mass of the indoor air, hfg is the heat of vaporization of water, and SHRbuilding is a fixed building 
sensible heat ratio (0.8 for humid coil tests and 1.0 for dry coil tests).   
 
The specifications for determining values of C, Cw and Δ𝑡 are described in Patil et al. (2018).  System performance 
measurements for each of the test conditions presented in Table 1 and Table 2 are used to determine a seasonal 
coefficient of performance (SCOP) for the equipment using a bin method with different bin data defined for different 
climate zones.  The procedure for determining SCOP is presented by Patil et al. (2018).   In the test procedure, if the 
test unit is not able to maintain the specified indoor temperature setpoint within a 2°F tolerance for load-based testing, 
then the unit is forced to run at full load with the specified indoor temperature condition. For both wet coil and dry 
coil full-load tests, the set point temperature of the unit is set to the lowest possible value to ensure maximum 
compressor speed. For wet coil full-load tests, the virtual latent load model is still employed with SHRbuilding 
controlled to a target value of 0.8. Equipment performance is recorded after steady state conditions are identified.  
 








Drybulb 𝑻𝒋 [°F] 
A N/A N/A N/A 
B 74 0.8 104 
C 74 0.8 95 
D 74 0.8 86 
E 74 0.8 77 
 






Drybulb 𝑻𝒋 [°F] 
A 79 113 
B 79 104 
C 79 95 
D 79 86 
E 79 77 
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4. IMPACT OF SIZING FACTOR AND BUILDING SHR 
 
To assess the impact of the sizing factor on equipment performance, the heat pump was first tested for dry conditions 
with varying sizing factors between 0.9 and 1.5. The dry coil test conditions are shown in Table 2 and the sensitivity 
testing matrix for the sizing factor is shown in Table 3. 
 
Table 3. Testing Matrix for assessing impact of sizing factor (F) in dry coil tests 
Sizing factor F 0.9 1.2 1.5 
Building load equation 𝑩𝑳$𝑻𝒋' = 𝟏𝑭 × ?̇?𝒄(𝟗𝟓) × N 𝑻𝒋	^	𝑻𝒃𝒂𝒍𝑻𝑶𝑫	^	𝑻𝒃𝒂𝒍,𝑫X                (1) 
 
Load-based cooling tests were conducted sequentially at each ambient condition beginning with the lowest ambient 
temperature test condition E until the unit ran out of capacity. Table 4 summarizes the active-mode (not including 
stand-by power) SCOP values obtained for different climate zones considering the variation in sizing factor. For the 
range of sizing factors considered, the SCOP increased with sizing factor (e.g., equipment oversizing) for all three 
climate zones due to improved part-load performance.  
 
Table 4. Active-mode Seasonal Cooling COP values for different sizing factors 
Sizing Factor 
(F) Cold/Dry Marine Hot/Dry 
0.9 5.44 5.30 5.12 
1.2 5.76 5.60 5.34 
1.5 5.95 5.78 5.52 
 
The impact of sizing factor on performance was also evaluated for wet coil tests, combined with building sensible heat 
ratio (SHRbuilding) that is used in equation (4). Table 5 shows the testing matrix of sizing factors and SHR values.  For 
these tests, sizing factors both smaller and larger than the current standard value of 1.5 were considered. 
 
Table 5. Testing Matrix for assessing impact of building SHR and sizing factor in wet coil tests 
 SHRbuilding 
Sizing Factor (F) 0.75 0.85 0.95 
1.38 X  X 
1.52  X  
1.65 X  X 
 
The testing standard specifies that the unit be tested at outdoor conditions of 77°F, 86°F, 95°F, and 104°F for the wet 
coil tests of Table 1. In addition, a 113ᵒF test condition was included in the wet coil test conditions for this paper. 
Seasonal COP values for active mode are summarized in Table 6. 
 
Table 6. Active mode Seasonal Cooling COP values for different building SHRs and sizing factors. 
SHRbuilding 
Sizing Factor 
(F) Very Cold Cold/Humid Mixed Hot/Humid 
0.95 1.65 5.91 5.89 5.83 5.92 
0.95 1.38 5.72 5.69 5.63 5.74 
0.85 1.52 6.13 6.09 6.03 6.14 
0.75 1.65 6.39 6.36 6.29 6.39 
0.75 1.38 6.37 6.34 6.28 6.38 
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It is apparent that SCOP is quite sensitive to the building SHR and increases with increasing latent load (lower SHR).  
The effect of sizing factor seems to be greater for larger values of SHR where a larger percentage of the unit cooling 
is used to meet the sensible building load and is insignificant for higher latent loads.  This is consistent with dry coil 
test results where the impact of sizing factor was found to be significant.   
 
5. IMPACT OF THERMOSTAT LOCATION 
 
Dry coil cooling tests were conducted to investigate the impact of thermostat installation. Three different thermostat 
installation locations were chosen in the psychrometric chamber that represents the indoor room, in order to provide 
a range of representative testing results. 
 
5.1 Thermostat installation locations 
As can be seen in Figure 1, three thermostat locations were considered for this study that are indicated by colored dots. 
The figure shows the interior of the psychrometric chamber that mimics the indoor environment for the test unit. The 
red and yellow locations are on the indoor unit of the equipment that is studied. The red dot is location A with the 
thermostat mounted on the outside of the test unit at about 5 feet above the floor. The yellow dot is location B with 
the thermostat mounted across the air inlet where the indoor unit draws return air from the conditioned space. The 
return air temperature is also measured using a thermocouple grid at location B. The blue dot is location C, which is 
roughly 15 feet away from the indoor unit and roughly 5 feet above the chamber floor. In this psychrometric chamber, 
conditioned air is supplied from the floor in the left three-quarters of the chamber and return air is collected at the 
right upper corner of Figure 1. The airflow pattern can be seen schematically from the blue arrows in Figure 1.  
Location C is the closest to the chamber return air inlet among the three locations in this study. 
 
 
Figure 1. Three thermostat installation locations in indoor psychrometric chamber 
Figure 2 gives closer looks at the thermostat installations for the three locations. The black thermostat shown in Figure 
2 was mounted on a 0.5-inch-thick wooden layer to thermally isolate it from the metal panels where it was installed 
for the three locations. The thermostat temperature is primarily affected by convective heat transfer from the 
surrounding air. A webcam was installed facing the screen of the thermostat to record videos of thermostat readings 
throughout steady-state and load-based tests in location B and C.  For location B, the thermostat was attached using 
cable ties to the grid that holds the return air filter at the bottom of the indoor unit. The thermostat at location C was 
suspended from a support structure. Characteristics of the three locations are summarized in Table 7. 
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Table 7. Characteristics of three thermostat installation locations 
 Location A Location B Location C 
Height from floor ~5 ft ~2 ft ~5 ft 
Distance from unit return air inlet ~3 ft 0 ft ~15 ft 
Comments 
Location B has the largest air velocity. 
Location C is far from the chamber supply air outlet and close to the 




Figure 2. Closer looks of thermostat installation for each location 
5.2 Thermostat temperature offset 
Before launching seasonal performance rating tests, the draft CSA standard requires test operators to offset steady-
state thermostat setpoints based on differences with the return air temperature measurements of the unit. In this 
thermostat study, only dry test conditions were considered and so the offset tests were performed with return air 
temperature controlled to steady state at 79℉.  
 
Error! Reference source not found. shows results of the thermostat offset tests in this study.  The thermostat displays 
temperature in increments of 1℉ so that is also the resolution of the offset results.  An offset of +1℉ means that 
thermostat reading is low relative to the test unit return temperature and either its setpoint needs be decreased by -1℉ 
relative to the test condition (e.g., 78℉ for the dry condition testing) or the thermostat reading is calibrated upwards 
by +1℉ using a bias adjustment. Location C has the slowest dynamics among the three locations in the indoor 
chamber. It is interesting to note that location A has no offset, location B has a +1℉ offset and location C has a -1℉ 
offset. These differences are an indication of the steady-state air temperature maldistribution for the indoor chamber. 
 
Table 8. Results of thermostat offset tests 
 Location A Location B Location C 
Thermostat steady-state reading 79℉ 78℉ 80℉ 
Temperature offset 0℉ +1℉ -1℉ 
Time spent in offset test 45min 45min 60min 
 
5.3 Dry coil cooling test behaviors 
The automated cooling test algorithm was used for the thermostat tests and dynamic test results for location A, B and 
C are plotted in Figure 3, Figure 4 and Figure 5. In Figure 3, the green, red and blue lines on the left-side plot show 
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the variation of unit capacity, sensible building load and power over the test period. In the right-side plot, the green 
line is indoor temperature measured at the return of the test unit while the blue line is the temperature set point for the 
indoor room reconditioning system. The test unit thermostat set point temperature was 79℉ throughout the tests. In 
Figure 4 and Figure 5, the same legend is used except that there are red lines in the indoor temperature plots showing 
the thermostat display readings captured by the webcam for locations B and C. As can be seen, the thermostat reading 
was steadily maintained at 79℉ for most of the testing duration. 
 
Figure 3. Testing behaviors for location A 
For the dry coil cooling test condition with the thermostat location A, all 4 load-based testing intervals ended with the 
COP converged.  In Figure 3, it can be seen that the unit cycled on and off for the 77℉ and 86℉ outdoor test conditions 
although the on times were considerably longer for the 86℉ test interval. For 95℉ and 104℉ test intervals, the unit 
capacity and sensible building load were not perfectly matched at the end, although their consecutive 20-minute COPs 
converged. The unit ran out of capacity for the 113℉ test interval. 
 
 
Figure 4. Testing behaviors for location B 
For thermostat installation location B, all 4 test intervals also converged in terms of COP and the unit cycled on and 
off for the 77℉ and 86℉ test intervals. The cycling patterns for the 86℉ test did not repeat, which may be a result of 
the faster dynamics of the thermostat when mounted in the return air at location B. However, the two test intervals for 
variable-speed behavior converged relatively quickly based on COP for this thermostat location. In addition, unit 
capacity and building load matched well in the end. Thus, thermostat location B is somewhat advantageous in terms 
of testing time for reaching steady state under variable-speed operation. 
 
For location C, only 95℉ and 104℉ test intervals converged in terms of COP. Tests for location C took longer time 
than those at the A and B locations, since the air velocity is lower there leading to slower thermostat dynamics. Also, 
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there were significantly larger temperature variations for the C location tests with the unit cycling on and off at the 
77℉ and 86℉ test conditions. In addition, the test unit also cycled on and off for the 95℉ test interval. 
 
Figure 5. Testing behaviors for location C 
A summary of the testing behavior is provided in Table 9 for the five test intervals and three thermostat installation 
locations. The cycling periods were shortest for location B and longest for location C. The test duration under variable-
speed operation was also shortest for location B. There are significant differences in COP for different thermostat 
location at test conditions where the unit cycles on and off.   
 
Table 9. Summary of testing behaviors for five test intervals 
Test interval 77 86 95 104 113 
Location A 





Convergence Yes Yes Yes Yes - 
COP 6.747 6.279 4.972 4.021 3.356 
Test duration 1.4 hours 2.1 hours 2.7 hours 2.5 hours - 
Cycle period 0.47 hours 0.70 hours - - - 
Cycle duty 0.3957 0.6398 - - - 
Location B 





Convergence Yes Yes Yes Yes - 
COP 6.235 5.771 5.008 3.963 3.356 
Test duration 2.2 hours 2.2 hours 0.9 hours 1.3 hours - 
Cycle period 0.44 hours 0.55 hours - - - 
Cycle duty 0.3601 0.8423 - - - 
Location C 
Behavior Cycling Cycling Cycling Variable-speed 
Out of 
capacity 
Convergence No No Yes Yes - 
COP 6.352 5.927 4.987 4.264 3.356 
Test duration 3.1 hours 3.1 hours 3.3 hours 1.7 hours - 
Cycle period 1.03 hours 1.03 hours 1.65 hours - - 
Cycle duty 0.3871 0.6885 0.9063 - - 
 
5.4 Seasonal performance 
The impacts of thermostat location on seasonal performance are presented in Table 10 and Table 11 for three dry 
climates in terms of 	𝑆𝐶𝑂𝑃> (active mode seasonal cooling COP). 
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Table 10. Summary of seasonal performance for three dry climates 
 Location A Location B Location C 
Offset 0 +1℉ -1℉ 




79.2℉ to 80.6℉ 
(1.4℉ difference) 78.4℉ to 79.7℉ (1.3℉ difference) 78.3℉ to 80.6℉ (2.3℉ difference) 
Test 
duration 9 hours 7 hours 11 hours 
 
As can be seen, 𝑆𝐶𝑂𝑃> for all three dry climates were the highest with the thermostat installed at location A and lowest 
for location B. Relative differences of 𝑆𝐶𝑂𝑃> relative to location A varied from between 1% to 5% as summarized in 
Table 11. Part of the 𝑆𝐶𝑂𝑃> differences are due to different thermostat and test unit dynamics leading to different 
cycling behavior.  In addition, there were differences in the average return air temperature due to the poor resolution 
in the thermostat temperature offset. Table 10 shows that the average return air temperature was highest for tests at 
location A leading to better seasonal performance. 
 
Table 11. Comparison of seasonal performance among three dry climates 
 Cold/Dry Marine Hot/Dry 
Location A 𝑆𝐶𝑂𝑃> 5.724 5.541 5.306 
Location B 
𝑆𝐶𝑂𝑃> 5.468 5.325 5.124 
Relative 𝑆𝐶𝑂𝑃> reduction from Location 
A 4.47% 3.90% 3.43% 
Location C 
𝑆𝐶𝑂𝑃> 5.562 5.426 5.242 
Relative 𝑆𝐶𝑂𝑃> reduction from Location 
A 2.83% 2.08% 1.21% 
 
Location A was a reasonable choice based on the results above. However, the results also demonstrate that the seasonal 
performance is somewhat sensitive to thermostat location and dynamics.  It is likely that the same thermostat location 
would result in different behavior and performance in a different psychrometric test chamber and test repeatability is 
likely to be no better than 5% in terms of seasonal performance.  
 
Location B and C were meant to represent a range of dynamic behavior for the thermostat.  Location C had slow 
dynamics, whereas location B had relatively fast dynamics.  One advantage of location B is that it is mostly likely the 
most repeatable for different facilities since the thermostat is located in a flow stream with a known air flow and a 
temperature that is the test unit return temperature.  It also has the fastest dynamics, which could reduce the testing 
time. However, a drawback is that the thermostat dynamics are not representative of a field application. The seasonal 
performance at location B was the worst of the three locations, which could have resulted from the sensitive response 




Results presented in this paper for load-based equipment testing demonstrate the dynamic interaction of test equipment 
and controls with a virtual building model and how these interactions are sensitive to the location of the thermostat. 
In general, the equipment tends to cycle on and off at lower ambient temperature test conditions because of lower 
loads, operate in variable-speed mode over a range of moderate temperatures, and run out of capacity at high ambient 
conditions.  The overall dynamics and performance are representative of what equipment experiences in the field.  
However, they are sensitive to the location of the thermostat and the size of the equipment relative to the loads.   
 
The sizing factor has a direct impact on the building load line used for rating tests. For the range of values considered,  
larger sizing factors led to better seasonal performance due to improve part-load performance.  The building sensible heat 
ratio also influences the equipment load and performance for a given ambient and the overall performance. A lower 
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sensible heat ratio is associated with higher latent loads and leads to high evaporating temperatures with better equipment 
performance for a given sensible load.  However, the sensitivity of performance to sizing factor increases with increasing 
sensible heat ratio.  The choices for building load sizing factor and sensible heat ratio in the test standard should be based 
on providing a reasonable reflection of what is common in the field.  A test standard can only include a limited number 
of scenarios for evaluating equipment performance, so it is important that the conditions cover the range of expected 
behavior including on/off cyling, variable-speed, and full capacity operation with representative moisture removal for 
dry and moist climates.  The parameters within the current draft CSA standard accomplish these goals. 
 
Understanding the influence of thermostat location within the indoor test room on equipment performance is extremely 
important towards understanding the potential for repeatability of load-based test results across different test facilities. 
This study demonstrated that the dynamics of the thermostat can vary significant with location due to non-uniform air 
velocity and temperature within the room. Locations with higher air velocity and faster thermostat dynamics result in 
faster convergence of test intervals but more unsteady equipment cycling behavior. The overall equipment performance 
can vary by 5% with thermostat location.  Thus, it is important to define a strategy for providing a reproducible 
environment for the thermostat across different laboratory facilities.   
 
In addition to developing a standardized thermostat environmental strategy, future work on a load-based testing standard 
should consider more consideration of the virtual building modeling approach.  For the current lumped parameter models, 
both the sensible and latent capacitance values affect unit cycling behavior and should be studied. More detailed building 
models could also be investigated as an alternative to the lumped models in order to better represent building dynamics.  
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